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SEASONAL CYCLES OF CO» AND ATMOSPHERIC CIRCULATION ON MARS:
AN ENERGY BALANCE APPROACH
by
Martin I. Hoffert, Vijay K. Narayanan and Warren H. Ziegler

ABSTRACT

The analysis begins with a seasonal energy balance model (EBM) for
Mars. This is used to compute surface temperature versus X =
sin(latitude) and time over the seasonal cycle. The core model also
computes the evolving boundaries of the CO0o icecaps, net
sublimational/condensation rates, and the resulting seasonal pressure
wave. Model results are compared with surface temperature and
pressure history data at Viking lander sites, indicating fairly good
agreement when meridional heat transport is represented by a thermal
diffusion coefficient D ~ 0.015 W m~2 K~1. Condensational wind
distributions are also computed.

An analytic model of Martian wind circulation is then proposed, as an
extension of the EBM, which incorporates vertical wind profiles
containing an x-dependent function evaluated by substitution in the
equation defining the diffusion coefficient. This leads to a
parameterization of D(x} and of the meridional circulation which
recovers the high surface winds predicted by dynamic Mars
atmosphere models [~ 10 m s7!). Peak diffusion coefficients, D ~ 0.6 W
m=2 K-\, are found over strong Hadley zones — some 40 times Larger
than those of high-latitude baroclinic eddies. When the wind
parameterization is used to find streamline patterns over Martian
seasons, the resulting picture shows overturning hemispheric Hadley
cells crossing the equator during solstices, and attaining peak
intensities during the south summer dust storm season, while
condensational winds are most important near the polar caps.



INTRODUCTION

Data from Viking Mars orbiters and Landers continues to provide a
picture of a sister planet marked by profound seasonal variations in
surface temperature, volatile gas exchange and occasional dust
storms (Tillman, 1985). Some of the more dramatic events of Mars
seasonal cycle are evoked in this descripitive passage (Haberle, 1986a):

Fall has come to the northern hemisphere of Mars. In the mid-latitudes the
mean temperature is dropping past - 70 degrees Celsius; at the north pole it has
already reached - 123 degrees, cold enough to freeze carbon dioxide, the
principal constituent of the thin Martian atmosphere. A cap of dry ice is now
forming on the pole. Before winter ends ice will reach the 50th parallel.
Meanwhile in the southern hemisphere winter has ended, and carbon dioxide is
evaporating at the south pole. Along the edge of the retreating polar cap a
sharp temperature contrast between ice and soil warmed by the spring sun is
giving rise to strong winds. During the short but hot southerm summer, as Mars
makes its closest approach to the sun, the winds will lift dust off the surface in
great swirling storms. Ultimately dust may envelop the entire planet.

Much of the prior Viking data anatysis, as well a current planning of
future Mars science missions, is concerned with understanding
meteorological seasonal cycles from observations by spacecraft
orbiters and Landers. Important related questions are whether and
how such cycles have varied over Mars geological history, and the
role they play in volatile gas exchange.

Models at different complexity Levels are instructive in such studies.
For example, energy balance models (EBMs) with atmospheric transport
neglected, or schematically depicted by thermal diffusion coefficents,
have proven usefut in understanding surface thermat physics {Leighton
and Murray, 1966; Murray and Malin, 1973; Kieffer gt al,, 1977; Toon gt
al., 1980; Hoffert et al,, 1981; James and North, 1982; James, 1985),



3

whereas more compuler intensive three-dimensional generatl
circulation models (GCMs] were historically used to model seasonal
wind patterns. (Pollack et al, 1976, 1981, Haberle et al,, 1979). A
simplification based on the nearly zonally-symmetric Mars circulation
was exploited by Haberle et al, (1982), who used a two-dimensional
dynamic circulation model, inctuding dust storm effects; but extensive
computations were still required.

In this paper, simplified dynamics is taken a step further. Employing an
integral method with assumed vertical atmospheric profiles, onty the
numerical solution of the insolation-forced, one-dimensional unsteady
heat conduction equation is required. This allows circulation patterns
for different seasons and orbital parameters to be rapidly assessed.

The analysis begins with an energy balance approach to derive a core
numerical model for surface temperature and carbon dioxide evolution
over Mars seasonal cycle. Seasonally-varying temperature and
pressure wave data from Viking Landers are compared with the core
model predictions to establish the realism of this part of the model.
Next, new parameterizations of thermally driven and condensation
winds, and baroclinic eddy transport effects, are developed. A test of
our simple circulation model's surface velocity against existing GCM
runs at north summer is presented. Finatly, our wind model is employed
to estimate the circulation streamline patterns over the four seasons
on Mars.

SURFACE ENERGY BALANCE

The core seasonal cycle computer model for Tg(x,t), where X is the
sine of the Latitude and t is the time, is conceptually similar to that of
James and North {1982]): It is derived from a zonally-averaged energy
balance in the spirit of the original Leighton and Murray (1966) model
for seasonal volatile evolution on Mars, but includes the effect of



horizontal atmospheric transport on this batance. The core program
yields as by-products the time-varying boundaries of north and south
CO5 icecaps and the rates of mass fluxing to and from the atmosphere
from phase changes over the seasonal caps. Model parameters
adopted here are summarized in Table 1.

The basic energy balance involves four types of zonally-averaged
vertical energy flux per unit surface area in a ground/atmosphere
column:

Hsto[x,t] + Hsub[x,t] = Hrad[x,t] + Hhor[x,t], [1]

where HgtolX,t) is an energy sink by column heat storage, Hg p(x,t) is
an energy sink to sublimation of an underlying COy frost, Heg4(x,t) is a
net (solar minus Longwave) radiant energy source and Hnop(X, 1) is an
energy source from horizontal atmospheric transport.

Thermal Storage and Sublimation Heat Sinks

Heat is stored during the evolving seasonal cycle by the thermal
inertia of the atmosphere and Land. The atmosphere mixes fast enough
relative to seasonal timescales for the entire column heat capacity to
come into play. Its heat capacity per unit area is therefore Cq z—ESCpF
~ 0.16 MU m 2K, from Table 1 values.

The effective heat capacity of the underlying ground depends on how
deeply the seasonal wave penetrates. with Py Cor and A the ground
density, specific heat per unit mass, and thermal conductivity, an
annual heating wave of circutar frequency Q = Zﬁ/'tp ~ 1.06 x 1077
rad-s-! produces a thermal wave penetrating to depth d =
[ZA/[pgch]VZ. The corresponding ground heat capacity per unit area
is (Hoffert and Storch, 1979)

~ = = 1/2
C9~pgcgd 2N/(Qd) = (2/Q) 4],
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where I = [p9C97\]1”/2 = [s‘2/2]1'/2Cg Is the ground thermal inertia. Notice
that C9 scales with @72, whereas lis a property of surface materials
onty. A typical ground thermal inettia on Mars is (Pollack et al., 1981) [ =
300 J m~2 K1 5712, corresponding a heat capacity per unit area of Co =
1.30 MJ m™2 K~ for the seasonal wave.

The total energy sink from column heat storage is therefore
HgtolX,1) = CoTg4(x,t)/8¢, (2)

where C=Cg + Cg ~ 146 MJm~2 K 1is the heat capacity per unit area of
the atmosphere plus the thermally interactive ground column.

A unique feature of Mars surface physics over solid COp icecaps is
sublimation to the gas phase of the main atmospheric constituent when
Tg > Te (pgl Conversely, the atmosphere condenses to form COo
icecaps when Tg < T [pgl. The pressure-dependence of the frost point
temperature is approximately Tq(pg) = - © /ln(pg/p*), where p* = 9.74
x 101 Pa is a pressure scale, and © =~ 3148 K is a temperature scale
characterizing the Latent heat of sublimation: L =R® = 5.95 x 10°J kg‘1
(James and North, 1982). Because of the weak Logarithmic dependence,
a8s surface pressure pg varies seasonally over its annual range
(600-800 Pa, at the reference ellipsoid elevation), T, varies over a
relatively much smaller range (149-151K). For simplicity, a constant T,
~ 150 K is assumed over carbon dioxide icecaps. The heat sink to
sublimation phase change over CO5 icecaps is

Heup(%, 1) = Lm(x,t). (3)

where rﬁ[x,t] is the mass per unit time and per unit area injected to
(removed from) the atmosphere by phase changes at the surface. This
term is nonzero only over COo ice when Tg £ Te.

Radiation Forg

Seasonal climate cycles are driven by an insolation function S(¢, Lg],
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where ¢ is the Latitude and Lg the heliocentric iongitude of the sun —
the angular displacement along Mars' elliptic orbit measured from
northern hemisphere spring equinox, Lg = 0. The eccenticity e, obliquity
i and heliocentric Longitude of perihelion Lsp are parameters of the
seasonal cycle, and are available for present epoch from Table 1. The
diurnally- averaged incident solar radiation per unit area is given by
(Berger, 1978):

Slé,Lg) = {So[1+ecos[LS-Lspllz[Hsincbsina + cosdcosssinH)}/[(1-e2)2],

where &(Lg) is the solar declination angle given by siné = sini sinLg and
H{¢,Lg) is the hour angle for sunrise given by cosH = - tandtans; Here H =
0 and H = 11 correspond to polar night and polar day conditions
respectively.

Because Mars accelerates along its orbit near perihelion, and
decelerates near apehelion, Lg is nonLinearly related to elapsed time t
from some reference point on the orbit. Neglecting terms of order el
the time from northern spring equinox is related to Lg approximately

by
It is also convenient to work with a stretched Llatitude variable
proportional to the area of the planetary surface from the equator,

X($) = sing.

These relations define S(x,t) for specified e, i and Lgp.

A vertical column containing the atmosphere and thermally interactive
ground is heated by a net radiative flux Hrgzq equal to the absorbed
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soiar fiux tess the Longwave radiation flux Lost to space. This term is
modeled by

Hrag(x,t) = S(x,t)(1 - a) - ea[T4lx, )14, (4)

where o =~ 5.67 x 1078 W mZ K4 is the Stefan-Boltzmann constant and

a[x,t]=[ ]  eton- { ] ,

aj; Tglx, U LT g ; Tl ) L Tg

are planetary albedoes and emissivities, with different values over
bare ground and ice. A COp ice albedo of « =~ 0.8 is assumed over both
caps in the program. This is a rough average of north and south cap
CO» albedos inferred from Viking data by Paige and Ingersoll (1985, Fig.
5). A corresponding ice emissivity of ¢; » 0.58 is needed to recover T,
=~ 150 K at the poles.

Horizontal Heat Transport

Horizontal (meridional) energy transport arises when winds blow fluid
parcels containing enthalpy and gravitational potential energy across
Latitude circles. The meridional energy flux per unit area is pV[CpT +
0z), where p, v and T are the density, meridional velocity and
temperature; Cp is the constant-pressure specific heat, 9 the
gravitational acceleration and z the altitude. The differential
cross-sectional area perpendicular to the meridional energy flux can
be written all - x2)1/2dzdA, where A is the Longitude and x = siné.
Accordingly, a general, three-dimensional, atmospheric circulation
creates an energy flow per unit time across a Latitude circle of:

217 foo
Flx,t) = all-x2)V/2 [ (pV[CpT + gQz)dzdA. (5)

Jo do
Since a differential surface area element is dAg = Zﬂazdx, the net
energy source per unit surface area into a column of surface area dfAg



from horizontal flows is Hpop = -OF /0Rg = -(217a4)'8F /0X%; or
d oTg
Hhorlx,t) = —| D (1-x2) — (8)
ox ox
where
- F(x, 1)
Dix,t} = (7

21782 (1- x2)0T4/0x
is the horizontal diffusivity coefficient for meridional energy flux.

A constant D ~ 0.015 w m™2 K™ independent of season or Latitude was
assumed in our initial numerical calculations. As discussed below, this
value gave reasonably realistic surface temperatures and seasonal
pressure wave distributions in comparison with Viking Lander data.
However, equations (5) and (7) are crucial links between any known
circulation field and the thermal diffusivity. They will be employed
subsequently to parametrize D(x] in terms of Mars wind circulation
fields.

N cal Solut]
At constant D, substituting equations (2), (3], (4) and (6) into equation (1)
gives an unsteady "heat conduction on a sphere" partial differential
equation:

oTs 1 »

ot T OX

(1- x4)— - (8)
oX C C

aTs] S(x,1(1- &) - e Tglx, 4 Lmix,t)
+

where © = C/D ~ 1.0 x 108 5 ~ 16Tp is @ timescale for horizontal
diffusive heat transport. Numerical values are for D ~ 0.015 W m™2 K-\,
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Equation {8] is solved numerically for T4ix,tJ by a Crank-Nichotson
finite-difference scheme with 8Tg/0x and aZTS/ax2 approximated by
centered differences at interior points, and one-side differences at the
poles, where all space derivatives are evaluated at mid-timestep. The
implicit Crank-Nicholson PDE solver employs computationally
economical tri-diagonal matrices, is unconditionally stable, and has a
second-order in space accuracy depending on g = At/(tAxZ) (Ferziger,
1981, p. 148). Normally, we want g < 1, corresponding to timesteps At <
(tAx2); that is, the number of timesteps per Mars year needed for a
given level of accuracy increases with the square of the horizontal
resolution. we use a grid of 40 points in X = sing (AX = 0.05) as a
compromise between small AX desired to resolve icecap boundaries,
and Large Ax desired to minimize timesteps/year, and thus computing
time, at given accuracy. To insure accuracy 1000 steps/year (At
=1><1O"317p] are used corresponding to g ~ 0.2. A D-coefficient 50 times
larger would give g ~ 10. Some 10,000 steps/year at the same Ax are
would be necessary to get g ~ 1for an accurate solution.

The program is initialized with a uniform annual mean temperature
distribution and "spun up" for several Mars years to eliminate starting
transients. It employs the following procedure to com'pute icecap
boundaries and mass fluxes from sublimation/condensation over the
caps: Normally fm =0 in equation (6) whenever the computed Tg(x,t) >
T¢. when the computed surface temperature droped below the frost
point, the program sets Tg(x,t) = T,. The time-dependent cap
boundaries xN(t) and xg(t) are evaluated as the gridpoints in the
northern and southern hemisphere, respectively, where equation {7)
predicts Tg=T.. Since space and time derivatives of temperature are
small over the constant-temperature caps, the sublimation mass
source is simply:

m(x,t) = {S(x,1)(1- &) - g0 TH/L. (9)

Balancing net radiant energy against phase change energy is an
approximation dating back to the Leighton and Murray (1966) model. It




10

does seem justified however in tight of detailed studies of Mars CO»
cap energy budgets by Paige and Ingersoll (1985), who found smatl
contributions by transport and storage. Rates of mass injection to the
atmosphere by south and notrth cap sublimation are computed by
integrating the mass fluxes per unit area over the respective cap
areas,

Xs[t] +1
Mg(t) = 2maZ[ m(x, t)dx, MN(U) = 282 mix, t)dx, (10)
-1 XNt

where negative values indicate mass removal by condensation.

SEASONAL MODEL RESULTS AND VIKING DATA

Figure 1 shows the seasonal variation of pole-to-pole surface
temperature computed from the energy balance model for Table 1
parameter values. The results are expressed as constant surface
temperature contours at ATg =5 Kintervals on the (X, Lg) plane. Also
shown is Latitude as a nonlinear vertical scale, ¢ = ¢(x}, and time in
sols from N. Spring equinox as a nontinear horizontal scale, t = t(Lg).

The hemispheric asymmetry over the seasonal cycle is a consequence
of maximum orbital distance from the sun (apehelion) and minimum
orbital distance (perihelion) occuring presently at Lg = 70° and 250°,
respectively. These are sufficently close to the southern winter and
summer solstices to markedly reenforce the seasonal thermal contrast
in the southern hemisphere and diminish it in the northern hemisphere.

The coldest spots on the planet are the CO» icecaps at =~ 150 K; the
warmest is the southern hemisphere hot spot at = 240K, extending as
far south as ¢ = 50 OS during southern spring and summer. Figure 1
shows the computed seasonal Doundaries of the north and south
carbon dioxide icecaps xn(t) and xg(t], assumed to form at the
sublimation frost point temperature, T, = 150 K [The "wiggles" in the



11

receeding cap boundaries are artiracts of the finite Ax resolution of
the model). The CO, caps are asymmetric with the southern cap
extending more equatorward than the north during their respective
winter maximums. '

The model predictions of seasonal temperature histories at the
appropriate Latitudes can be directly compared with observations of
surface air temperature made by VL-1 and VL-2 landers during the
Viking mission. The Latitudes of VL-1 (22 °N — now the Thomas Mutch
Memorial Station) and VL-2 (48 ON) are indicated in Figure 1. Viking
lander barometric pressure data at these sites exhibits the well-known
seasonal COp pressure waves associated with icecap cycles. The
existence of condensation/sublimation pressure waves on Mars was
predicted a decade before Viking by Leighton and Murray (1966), who
assumed an energy balance model with no atmospheric transport.

Lander Temperatures

Figure 2 compares Mars surface temperatures measured at VL-1 and
VL-2 over the seasonal cycle (Seiff, 1982) with predictions of the
present energy balance model at the Lander Latitudes.

The rapid temperature jumps computed during northern spring and
summer near the VL-2 site are generated by abrupt sublimations of the
receeding north CO» polar cap over one spatial step (Ax =~ 0.05), which
propagate south by atmospheric diffusion (Cf. Figure 1). These appear
to be artifacts of the finite-difference resolution, and converge 1o a
smooth curve as Ax — 0. With this minor exception, the agreement
between the model and the Lander observations in both phase and
amplitude for the seasonal thermal waves is remarkably good at both
sites.

Lander Pressures

A more formidable challenge to the model is its ability to reproduce
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the condensation/sublimation seasonal pressure wave observed by
the Viking landers. Tillman (1985) has observed that interannual
variations in the pressure wave at a given Lander Location are small.
However, even after filtering out short-period oscillations associated
with baroclinic "weather" disturbances, the VL-2 pressure wave of any
given year is systematically higher than that at VL-1(Seiff, 1982]. This is
mainly due to topographic differences at the two sites {VL-1 and VL-2
are at elevations z;=-1.5 km and zo = -2.5 km, respectively, relative to
the Mars reference ellipsoid].

We therefore corrected the Lander pressures pJ[t] in Seiff (18982] to
Mars' reference ellipsoid elevation by using the hydrostatic equation:
DSJ-[t] = pJ[t]expth/hJ[t]], where j=1, 2. The effects of variations in
scale height hJ[t] = RTSJ[t]/g from different surface temperature
histories Tg(t) at the two sites were included in the correction. Since
the z's are negative, surface pressures are Lower than lander
pressures in both cases, with a larger pressure correction for VL-2 (in a
deeper valley). The result, shown in Figure 3, is that the VL-1and VL-2
pressure curves become virtually indistinguishable when these
corrections are made. AlLso shown as an alternate vertical scale in
Figure 3 is the atmospheric column mass Loading at the "surface"
reference ellipsoid elevation, m = pg/Q.

To model the seasonal pressure wave, we assumed mass added by
phase changes over both caps from equations (10) is deposited in the
atmosphere between the cap boundaries. Pressures over the caps are
assumed to be maintained constant at the condensation frost point
temperature T.. The rate of change of atmospheric mass between the
caps is then

a o0
MTlt) = 2ﬂaz[xN—x5]—J pdz = MU + Mglt), (11)
ot o '
iIndependent of x. For the special case where My =- Mg the net flux
into the system is zero; otherwise there is an increase or decrease of
atmospheric mass. The surface pressure is assumed to adjust
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*instantaneousty® planetwide to mass sources, and is found by
numerical integration of

" dpg oM (t]
— = (12)
dt (27722)[xN(t) - Xglt)]

The results of this calculation are shown in Figure 3, where they can
be directly compared with the lander-observed pressure wave
corrected to the reference surface elevation. The pressure peaks
result from more rapid degassing by the subliming pole than gas
absorption by the condensing pole. The stronger peak in southern
summer a consequence of hemispherically asymmetric heating
augmented by atmospheric transport. Indeed, a feature supporting the
adopted D ~ 0.015 W m 2 K™}, at Least at high Latitudes, is its recovery
of the observed higher amplitude south summer pressure peak.

James and North (1982) did not obtain the observed relative amplitudes
of the seasonal pressure peaks with their "clear sky" diffususion
coefficient D ~ 0.004 w m=4 K1, although acceptable agreement was
found when diffusivity was increased in their model 1o values as high
as D ~ 0.1 W m 2K during 1977 global dust storms. Their inference is
that D correlates with atmospheric opacity, increasing by orders of
magnitude during Large optical depth global dust storms. Such storms
occurred in south summer of the first Viking year (Figure 2), precisely
when high atmospheric heat transport is needed to rapidly sublime the
south cap. But their correlation with optical depth may be fortuitous,
since subsequent years when global dust storms did not recur exhibit
essentially the same relative winter and summer peaks in the pressure
wave (Tillman, 1985). By chosing a constant D ~ 0.015 W m™2 K1 —
between James and North's "clear sky" and "optically thick" values —
we get a fairly realistic pressure curve without invoking the dust
storm connection. Even better agreement with the data, based on
tuning the relevant paramers within observational constraints, seems
possible, but was not pursued.
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While the surface temperature curves at Viking Lander Latitudes are
well represented, they may be too insensitive to transport effects to
calibrate D. The seasonal pressure wave on the other hand seems
mainly influenced by heat transport in the immediate vicinity of the cap
boundaries. Clearly, it would be illuminating to if the thermal diffusion
coefficient over the planet as a whole could be modeled in terms of
dynamic atmospheric processes. This is the subject of the balance of
this paper.

MERIDIONAL CIRCULATION

Unlike the earth's atmosphere for which extensive observational
statistics on wind patterns are available (Oort, 1983), Mars atmospheric
circulation is presently understood primarily from a few GCM
simulations over restricted Lg ranges. Existing lander anemometer
measurements (Tillman, 1985], surface wind streak patterns (Kahn,
1983}, and dust storm observations (Haberle, 1986b) provide only
tantalizing hints of the realism of these simulations. At this point
therefore, simplified, partly analytical, models are useful tools for
gaining insight into atmospheric circulation processes.

Mean and £ddy Flows

A reasonably good approximation is that the time for the atmosphere
to radiatively equilibrate with the seasonally evolving surface
temperature is sufficient short — about 10 sols according to Pollack gt
al, (1981) — such that the circulation during the seasonal cycle of
duration 670 sois is quasi-steady. The time, t, is then a parameter, so
time-dependences of flow variables are omitted below for simplicity.

It is also useful to distinguish between zonally-symmetric components
of the circutation; and those which vary exptlicitly with the iongitude,
A. Any flow variable can be decomposed into such zonally-symmetric
and lLongitudinally-varying components. Velocity and temperature, for
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example, can be written: v{x,z] + Vix,z,AJand Ti(x,z) + T'x,z,AJ, where
primes are departures from the zonal mean. Zonal averages around
latitude circles of v' and T' individually vanish identically; but the v'T'
product average (the meridional eddy flux) does not. On Mars, it is
useful to further decompose v(x,z) into components from
condensational winds, and thermally-driven cellular overturning in the
meridional plane,

v(x,2) = vex) + vilx,2), (13)

For simplicity, a vertically uniform distribution of condensational wind
velx) is assumed. The thermally-driven component vt(x,z), reverses
direction at higher altitudes forming closed Hadley-like cells, and is
therefore altitude-dependent. It has the property j'vadz = 0. Both
components transport energy across latitude circles, but only the
condensational wind transports mass.

Let meridional diffusion effects from zonally-symmetric processes be
represented by a mean-flow diffusion coefficient Dy,, those from
eddies or waves Iin the east-west direction by an eddy diffusivity De.
(Logically, Dy, too can be considered an "eddy diffusivity" associated
with the mean flow overturning eddies of the Hadley circulation in the
X,Z plane, but no confusion should result if the terms are understood.)
It follows from equations (5) and (7) that the diffusion coefficient is
expressible

D(x) = Dy (%) + Dg(X), (14)
where
—j'pv[cpT + 9Z)dz

Dm (x) = —0 —, (15a)
al1- x2)/2 3T 4/ax
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21T oo
-J’ jpcva]dsz

De (X)) = . (15b)
21rall - x2)V/2 aT4/ox

The eddy component from unstable baroclinic waves can be estimated
from Stone's (1972) baroclinic instability parameterization. Its value for
the planet as a whole is approximately (Hoffert et al., 1980)

0.28RZpgCpT g 2 ag -T2 T - T¢)
De ~ ~ 0.08WmMZKT,
1793/ 2a3¢2

where the numerical estimate corresponds to Table 1 parameter
values and a Coriolis parameter f = 1.4 x 1074 s™1. It is close to the
diffusion coefficient value used in the core model (D ~ 0.015 W m=2 K7,
and may characteristizes transport near the cap boundaries where
baroclinic activity dominates (Hablerle, 1986b). This may be why the
seasonal pressure wave was modeled fairly well.

In contrast to the terrestrial circulation, Martian winds are apparently
dominated at low latitudes by the zonally-symmetric circulation
(Haberle gt _al,, 1982). We focus next on these components of the
circulation, for which no dynamically-linked diffusion parametrization
has been developed as yet.

~ond ( L wind
The mass flowing across a Latitude circle carried by the condensational
wind is:
o0

Mclx) = 2mma(+x2)V2 | ov.dz. (16)

40
This quantity appears in the unsteady continuity equation integrated
from the surface to the top of the atmosphere:
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2 [ 19 °°
_ | pdz + ——|0xAV2| oy, dz| =0. (17)

ot 0 a ox 0

Substituting equations (11) and (18] into (17) yields an expression for the
x-wise derivative of the condensational flow, aMc/dx = M1/(Xg - XN).
We therefore use the Linear distribution,

X = XN

MC[X]=[MN + Msl - MN (18)

Xg XN
which has the proper derivative, and satisfies the cap boundary
conditions M(xn) = - My and Mc(xg) = Mg.

The condensational velocity distribution is obtained by integrating
equation (18) with the density profile p(z) = pse‘Z/h, where h =pg/pg0
is the scale height:

oM ()

21apg(tx2)1/2

Condensational winds versus Latitude at the equinoxes and solstices
computed from equations (18) and (19) using the sources My and Mg
from the core program are illustrated in Figure 4. The peak
condensational wind magnitude, v, 0.4 m s71, occurs near the south
cap boundary in northern winter (Lg = 2700) as this cap sublimes under
the influence of high southern hemisphere insolation and heat transfer
to the cap boundary. This wind is comparable in magnitude and tocation
to peak values computed by James (1985, Fig. 3). At this Lg, the
condensational flow is everywhere northward, depositing mass in the
atmosphere along the way, and contributing to the northern winter
peak of Fig. 3, untiL what remains condenses at the north polar cap. AN
opposite but weaker flow exists in northern summer (Lg = 90°), when
southward flow generated by north cap sublimation is absorbed by the
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south cap. If sublimation and condensation rates were precisely equal
at opposing caps, condensational winds would still blow, but seasonal
pressure waves from this effect would be absent. These winds are
weaker at the equinoxes, as expected, but at Lg = 1800, v, reverses
direction mid-planet to accomadate the model prediction of
condensation at both caps during this time.

The fact that average condensational winds are of order vo 0.2 m 571
raises an interesting question. The transit time for a gas parcel
sublimed at one pole to cross the planet to is ma/ve ~ 5.3x107 s ~ 600
sols, so the time to physically transport condensational mass between
VL-1 and VL-2 Llander Locations is [(48-22)/180] x 600 sols ~ 87 sols. Why
then is there no phase Lag of this order in the pressure waves
observed the two stations? Recall that both Lander pressure curves,
corrected to the reference ellipsoid and with baroclinic weather
oscillations removed, are nearly coincident. One possibility is that the
atmosphere rapidly adjusts on the diurnal timescale of internal
gravity waves to create horizontally uniform surface pressures. The
observational absense of a discernable phase Lag seems in any event
a sufficient rationale for the instantaneous pressure adjustment
assumed in equation (12).

Tt Lu-driv nd
The zonally-symmetric thermally-driven circutation is composed of a
mean merdional circulation, in which the merdional v(x,z) and vertical
w(x,z) velocities are coupled by continuity, and a zonal mean wind
u{x,z) and temperature T(x,z), which are coupled through the thermat
wind relation. These components are in turn coupled through the
Coriolis torque. Advection of relative angular momentum in inviscid
models Is also necessary to describe thermal forcing of the mean
meridional circulation.

For nearly inviscid models, the Hadley cell is Limited in its Latitudinal
domain, which in turn Limits the intensity of the zonal flow. A major
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difference between terrestrial and Martian zonal mean flows is the
the relative absense of eddy momentum fluxes on Mars, which makes
the circulation nearly zonally symmetric over + 300 Latitudes (Leovy
et al,, 1973). For example, a two-dimensional zonally symmetric
circulation model, such as that employed by Haberle et _al,, 1382] to
study Mars dust storms, would probably not describe the earth's
atmospheric circulation very well. As a consequence of the earth's
land-sea contrasts eddy momentum fluxes are important at all
latitudes, and need to be specified from observations in
zonally-averaged models to recover a realistic circulation
(MacCracken and Ghan, 1986).

To model Dy an integral method was used in which a meridional wind
shear of the form dv/dz =~ - V(x)/h is assumed. This is formally
anatogous to the zonal wind shear of the thermal wind equation,
du/dz = Ux)/h, where Ulx) = (gh/afTglaTg/3¢ (Washington and
Parkinson, 1986). At this point ¥(x) is an unknown function to be
determined in terms of Dy (x). However, it is well-known that Latitudinal
heating gradients drive the zonally-symmetric (u,v]) circulation in
general (Holton, 1979; Haberle, 1986bD). In particular, it follows from
equation (15) of Leovy et al, (1973) that for steady, inviscid flows in
equatorial regions, and negtecting eddy momentum fluxes, V(x) ~ -
G(x). We therefore assume as a crude approximation that

U(x) ~ - (gh/afTgll1 - x2)V/ 23T 4/ax (20)
in Latitude bands of the Hadley circulation.

The tinear profile vy(x,2z) = - V(x)[1 - (z/h)] also satisfies zero mass flux
across latitude circles, [pvTdz =0 for p = pse'Z/h, and produces a
thermally driven surface wind flowing toward Local hot spots (vg =
vT1(X,0) < 8T4/0x]). This wind reverses direction above the scale height
corresponding to overturning Hadley cells, but needs to be carefully
interpreted at high altitudes where unrealistically large negative
velocities are implied as z —+ oo, The linear profile seems a reasonable
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first approximation in the Lower troposphere (z < zT], where Mars'
“tropopause” is at zT = 40 km. The temperature at z7is Tt = 160 K.

The scale height is expressible in either of the alternate forms
RTg(x) Ps
h(x) = = : (21)
o) es(X)g
where typical planetary mean value is h = 11 km. The troposphere
Lapse rate assuming linear temperature profiles is
oT Tgx)- Tt
Fx) = - — =~ . (22)
0z ZT
The planetary mean Lapse rate in Mars' stable atmosphere isT" = 1.45
x 1075 K m™}; whereas the adiabatic lapse rate is [ag = 9/cp = 4.55 x
1075 K m™ > I"(x). It is useful to define a dimensionless relative stability
parameter,

7 (x) = (R/QNTgg - (X (23)

To summarize, the vertical structure of the atmosphere is
approximated by the profiles,

plx,2) = pglxlexp{-z/n(x]}, (24]
T(x,2) = Tolx)-Tx)z, (25)
Vx,2) = vx) - U (x){1- [2/h(x)]). (26)

Substituting equations (21)-(26) into equation (15a) and performing the
required integrations yields:

oall - x2)V 23T 4/ VX1 + (X))
[ D%} - ~ (27)

¥ (]

v(ix) =

PsCpTgx)o(x)
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We have departed in equation (27) from the Leovy et al, (1973) integral
method in two ways: (i) V(x) is evaluated in terms of Dyy(x) as opposed
to atmospherically-absorbed radiation and (ii} the condensational wind
effect is included.

Neglecting condensational winds, and eliminating V(x) between
equations (20) and (27) with the help of equation (21), gives the
following estimate of the zonally-symmetric thermal diffusion
coefficient of Hadley cells:

PsCpO?
Dy ~ ——— - [h/a)2 ~ 06 Wm2K,
f

using Table 1 values. This is more than 30 times lLarger than the
baroclinic eddy value, Dg, estimated previously. Of course, we would
not expect this to appty beyond the x's bounding central Hadley cells,
so a rather strong drop-off to values characterizing the cap region is
implied.

Both two and three-dimensional primitive equation general circulation
models indicate that during solstice conditions cross-equatorial Hadley
cells exist surface winds of order vg ~ 10 m s71 over latitudes within *
300 of the equator (Haberle et al,, 1982). Typical surface wind
distributions, vg(x]), during south summer computed with
two-dimensional (2D, Haberle et al,, 1982) and three-dimensional (3D,
Pollack et al,, 1976) dynamic models are shown in Figure 5. These
dynamically explicit models are identical mathematically and
numerically, except that A-derivatives are set equal to zero in the 2D
model, automatically suppressing any Longitudinal waves or eddies.
The closeness of the 2D and 3D results supports the assumed
dominance of the zonally symmetric winds. These zonal mean
meridional surface winds on Mars are substantially more intense than
their terrestrial counterparts — the Latter being of order vg ~ 1m 571
(Oort, 1983, p. 157).



22

We sought to determine whether a Dy (X} distribution could be found
with peak values of Dpgx ~ 0.6 W m~2 K~1 which approximates the
surface wind distributions of the dynamic models. To test this we used
Tg, 0Tg/0%, o @and Vg versus x from the core model at Lg = 90° — close,
but not identical, to the GCM Lg = 106° conditions — and evaluated our
model's corresponding surface velocity

VXN + 29(x))
* Dm[X] + )
v (x)

gall - x2)V/ 23T 4/ax
vglx) = [

PsCp Tglx]o (]
for various assumed functions Dy ().

An immediate finding was that surface wind distributions consistent
with GCM results at all latitudes could not be obtained with a
Latitude-independent diffusion coefficient. A constant Dm. matching vg
~10msTover Hadley cell regions gave too large surface winds near
the cap boundaries (where 0Tg/0x is large), while a small Dy could
recover cap region surface winds, but not those of Hadley zones.
Clearly, a Latitudinally-varying diffusion coefficent is required.

By experimenting with different functions, a reasonably successful
diffusion coefficient distribution was found. As shown in Figure 5, the
model produced a vglx] distribution close to those of the dynamic
models — almost as close as the 2D and 3D surface wind distributions
are 1o each other — when the Logarithm of Dy varied parabolically
with X between the cap boundaries. This was a very welcome finding,
as it was not even certain g_priori that a diffusivity approximation
woutd appropriately describe the zonally-symmetric circulation. As it
happened, we were able to take the results even a further step to
compute the streamlines.

In Figure 5 (TOP) the Dy (x) used can be compared with James and
North's "clear sky" and "dust storm" diffusion coefficients discussed
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previously, and typical values of the baroclinic eddy component Deg.
This Dy (x) can be written

LD (%) = LDyl = 4KFIX)], (28)

where K = [(LnDmax /LNDmin) - 1 and fx) = [[x - xglx - xNq)/ (XN - Xg)4].
Diffusivity is & minimum (Dpjn = 0.015 W m™2 K1) at the cap boundaries
XN @nd Xg, and peaks (Dypgx = 0.60 W m=2 K1) midway between the cap
boundaries. Near cap boundaries, Dy (x) is sufficiently small that
surface velocity is dominated by condensational winds, vg -~
vell+2%)/ . For v ~ 0.15, and vp ~ -0.2 m s7! this gives a southward
surface velocity near the cap boundaries of vg ~ -2 m s71, close to
values shown of Figure 5. Notice that the surface winds induced by the
condensational winds exceed them by almost an order of magnitude,
an effect produced in the dynamic models as wetl.

Despite many approximations, the model reproduces GCM surface wind
patterns near north summer solstice suprisingly well, including three
overturning cells and condensation wind effects. Even details Like the
local surface velocity dip near the equator produced by the solar
heating function are recovered.

AN interesting result was that the diffusion coefficient is much larger
across Mars Hadley cells, than at the cap boundaries. A comparable,
but latitude-independent D ~ 0.6 W m™2 K1, will match observed zonal
mean surface temperature distributions on earth (Hoffert gf al,, 1983) —
also surprising in Light of the earth's 100 times greater surface
pressure. In the terrestrial case, this must result from very different
flow mechanisms including atmospheric eddy transport and ocean
currents.

-~

In our flow model, equations (19) and (26)-(28) together with
information from the core EBM, define the zonally-symmetric
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meridional velocity field v(x,z) at any time during the seasonal cycle.
These patterns are more clearly visualized by Lloocking at the
streamline contours, than at the velocity field as such.

The partly anatytic nature of the model makes streamline calculations
fairly straightforward: A streamfunction Yix,z) can be defined by its
partial derivatives dys/dx = -21Tapw and dy/dz = 21mmall - ><2]V2pv
such that continuity is identically satisfied:

+ = 1/(21a?) |- +
oz a ox 0ZoX oX0Z

3lp w) 2 (x4 2pv] 22¢ 2y }
= 0.
The streamlines — contours of constant mass flow per unit time across
which there is no flow — are therefore available from
Z
Px,z) = 2mmall - ><2]V2J plx,z2'Iv(x,z')dz".

0
Substituting equations (24) and (26) and integrating gives:

Wlx,z) = 2181 - x2)V/ 2(pg/gl- O (x)[z/nl-e Z/N + v Ix)1-eZ/N)).  (20)

Notice that the streamfunction at the top of the atmosphere equals
the condensation mass flux Y(x, o0) = M(x), and that the surface and
poles are zero mass flux boundaries. Y(x,0) = P(+1,z)=0.

Figure 6 shows the meridional plane streamlines computed at Lg =00,
9090, 180° and 270°. The contours of constant ¥ have units of
Megatonnes per second (1 Mt s71=109 kg s71), and in the present sign
convention are < O for clockwise circulations in the X,z ptane. At north
spring equinox we find north and south Hadley cells of roughly
comparable intensity in each hemisphere with core flows centered at
the scale height. A weak hemispheric asymmetry is produced even at
equinoctal conditions because the ground thermal inertia produces
asymmetric surface temperature distributions which "remember" their
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history.

As the northern hemisphere warms during its summer solstice, the
south main cell migrates northward, penetrating to some 30° N
latitude, and intensifies to flow rates of ~ 18 Mts™l; At the same time
the northern cell weakens, and a weak indirect cell is produced near
the south cap boundary by condensational winds. The Hadley cells
become more nearly balanced in the two hemispheres at northern fall
equinox, although again there is some hemispheric asymmetry. Finally,
during northern winter solstice (southern summer), the northern cell's
boundary moves southward, and attains a core circulation of ~ 28 Mt
sl — the highest intensity of the seasonal cycle. Indeed, southern
summer is the time of year on Mars when intense surface winds can
attain the saltation velocities needed 1o raise particutate matter into
the atmosphere. This is often a precursor of global-scale dust storms.

CONCLUDING REMARKS

We have seen that the core energy balance model developed in the
earlty part of this paper gave a reasonably good account of the
seasonal surface temperature and pressure waves on Mars as
recorded by the Viking Landers. Moreover, our extension to wind field
analysis of the energy balance approach gives qualitatively plausible
descriptions of atmospheric circulation over all seasons, and
inherently recovers GCM-predicted surface winds at the north summer
calibration point. The wind field depends partly on the pole-to-pole
surface temperature distribution, and partly on the parameterized
diffusion coefficient distribution.

More work is needed on modeling the diffusion coefficient distribution
in terms of Limitations on the boundaries of the Hadley circulation from
angular momentum and stability constraints. Moreover, a feedback on
the core model is suggested by the wind field analysis: In particular,
internally-consistent calculations of surface temperatures at
equatorial latitudes should employ the Dp(x) of the wind analysis in
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the heat conduction equation, as opposed the the constant D ~ 0.0i5 W
m~2 K~ assumed here. In turn, surface temperatures computed with
this Dy (%) feed back on the wind field. Prior to our wind analysis, we

accepted the conventional wisdom of a lLargely decoupled Lunar-like
planet in which atmospheric transport feedbacks on surface
temperature distributions are small and confined to polar cap
boundaries. This assumption needs to be reexamined.

In light of its computational economy compared to GCMs, applications
of the present approach to related phenomena of the Mars seasonal
cycle are promising areas of future reseatrch. For example, in the Mars
seasonal hydrological cycle as modeled by James (1985), it is assumed
that meridional transport of water vapor is accomplished by
condensational winds plus some unspecified diffusiontike process. Qur
wind model suggests Hadley Cell transport, in which the small scale
height of H>0 profiles would selectively favor transport by
near-surface winds, might provide an explicit explanation of this
"diffusive” transport. Viking orbiter data on vertically-integrated water
vapor are available for testing such models.

Another potential application is modeling of Martian dust storms. The
zonatlly-symmetric circulations simulated by Haberle et al, (1982] at
south summer conditions demonstrate that positive radiative
feedbacks from dust raised by surface winds strengthens and expands
the Hadley circulation. A puzzling question is why global dust storms
are not triggered every Mars year. The answer may be related to the
interplay of the zonally-symmetric and baroclinic eddy components of
the circulation (Haberle, 1986b). Although as presently configured our
model does not incorporate the radiative feedbacks needed to mimic
such global dust storms, such extensions can be implimented in
principle. A simplified representation of zonally symmetric and
baroctinic eddy transports, including the influence of vertical thermal
structure, might well provide usefut insights into the compiex
dynamics of dust storm events.
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Finaily, the present approach seems well suited to studies where runs
over a lLarge parameter space are needed. These include sensitivity
studies, analyses of Mars paleoclimate when orbital parameters were
different, and analysis of future scientific missions to Mars — where
instrument design may require estimates of meteorological conditions
over entire annual cycles.
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Table 1. ORBITAL AND PHYSICAL CHARACTERISTICS OF MARS (CURRENT EPOCH)

Property Value Units
Annual pertod, Ty, = 217/ 594 x 107 (s]
Diurnal period, Ty, 1sol 8.86 x 104 (s]
Eccentricity, e 0.0934 {-]
Obliquity (spin axis tiLt), i 25.1 [deg]
heliocentric Longtude of perihelion, Lsp 250 {deg]
Solar constant, S, 586 [wm2]
Planetary radius, a 3.39 x 106 [m]
Gravitational acceleration, g 3.73 [m s72]
Bare ground heat capacity per unit ares, Co 130 x 106 [um2 K]
Bare ground thermat inertia, [ 300 [Um=2 k1712
Bare ground albedo, oy 0.30 (-]
Bare ground emissivity, €y 1.00 (-]
Ice albedo, «; 0.80 (-]
Ice emissivity, 058 (-]
Ice sublimation temperature, T 150 (K}
Latent heat of COy ice sublimation, L 5.95 x 10° [Jko™
Gas constant, R 189 [Jkg™ K™
Atmosphere specific heat, ¢, 830 [Wkg™! k)
Mean surface pressure, pg 700 (Pal
Mean mass per surface area, m =—_|58/g 188 (kg m2]
Mean surface temperature, T 218 K]
Mean surface density, pg= pg/RTg 0.0170 lkg m™2]
Mean scale height, R = RTg /g 11 x 104 (m]
Tropopause height, 2y 4.0 x 104 [m]
Tropopause temperature, Tt 160 (K]
Adiabatic lapse rate, I'aq = 9/¢, 455 x 1073 (K m™)
Mean tropospheric lapse rate, T = ['Ts -T1)/zy 145 x 1073 [K m™]
Mean stabiiity parameter, o =R/Q"gg-T ) 0.15 -1
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FIGURE CAPTIONS

Figure 1. Mars seasonal surface isotherms computed from the present
model.

Figure 2. Seasonal variation of near-surface atmospheric temperatures
at Viking lander sites (Seiff, 1982) compared with present energy
balance model predictions.

Figure 3. Seasonal variation of atmospheric pressure (reduced to Mars
reference ellipsoid) at Viking Lander sites compared with present
energy model predictions.

Figure 4. Latitudinal distribution of condensational winds at north
spring equinox [Lg = 0°), north summer solstice (Lg = 90°), north fall
solstice (Lg=180°) and north winter solstice (Lg = 270°). Wind directions
are positive toward the North Pole.

Figure 5. (TOP). Diffusion coefficient distribution D(x) used to match
surface wind distribution of dynamic circulation models; (BOTTOM)
surface velocity distributions near north summer solstice. Present
model results are for D= D(x) at Lg=90°.

Figure 8. Streamline patterns on Mars over the four seasons from the
present model.
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